Cathodic arc plasmas are considered fully ionized and they contain multiply charged ions, yet, gaseous and metal neutrals can be present. It is shown that they can cause a significant reduction of the ion charge states as measured far from the cathode spots. Several cathode materials were used to study the evolution the mean ion charge state as a function of time after arc ignition. The type of cathode material, arc current amplitude, intentionally increased background gas, additional surfaces placed near the plasma flow, and other factors influence the degree of charge state reduction because all of these factors influence the density of neutrals. In all cases, it was found that the mean ion charge state follows an exponential decay of first order, ( ) ( ) 
cathode materials were used to study the evolution the mean ion charge state as a function of time after arc ignition. The type of cathode material, arc current amplitude, intentionally increased background gas, additional surfaces placed near the plasma flow, and other factors influence the degree of charge state reduction because all of these factors influence the density of neutrals. In all cases, it was found that the mean ion charge state follows an exponential decay of first order, ( ) ( ) For many years it has been known that cathodic arc plasmas go through an initial transition phase until they reach noisy steady-state conditions. The fluctuations or "noise" of plasma parameters can be traced back to the non-stationary cathode processes that produce plasma. While it is firmly established that cathodic arc spot processes are fast, often down to the resolution limit of nanoseconds, [1] [2] [3] [4] [5] the duration of the initial transition phase is orders of magnitude longer, namely 100s of microseconds 6 or even milliseconds. 7 Several ideas have been brought forward to explain the phenomenon. For example, it was speculated that the surface conditions may have slowly changed due to the temperature evolution of the cathode surface, and the chemical state of the cathode surface may have changed as the result of residual gas bombardment on the one hand and erosion on the other. 6 In previous contributions 8, 9 it was pointed out that the metal plasma produced at cathode spot interacts with the neutral gas or vapor in the pre-cathode region. The neutral "background" consists of (a) gas molecules from the residual or intentional background gas, (b) gas desorbed from walls and other components due to the interaction with plasma, and (c) metal atoms generated by the arc operation itself. There are several sources of metal neutrals, including evaporating macroparticles, 10 hot surface areas (craters) from previously active cathode spots, and the incomplete energetic plasma condensation process when the sticking coefficient is less than unity and the self-sputter yield is greater than zero. 11 Hot neutrals are produced by the latter two mechanisms, whereas the other produce thermal neutrals with temperature approximately equal to the temperature of the evaporating surface.
The presence of neutrals in the flowing plasma leads to charge exchange collisions which manuscript for the Journal of Applied Physics, revised version 29th June 2007 2 have an effect on all plasma properties, and especially on the ion charge state and velocity distribution functions.
Our recent publication on Bi and Pb plasmas gave strong evidence that neutrals evaporating from the cathode are responsible for the shifts in the charge state distribution. 9 The implication was that the ion charge states, as produced at cathode spots, are actually higher than generally reported. Here we consider a greater number of different materials and try to address the questions: Are non-sticking of metal and evaporation significant sources of neutrals for most or all cathode materials? Are both gas molecules and metal atoms relevant for the evolution of the transient stage towards steady-state? If yes, what is their relative relevance? Can we derive the original charge states as produced by cathode spots, i.e., before they are "skewed" by the interaction with neutrals?
II. EXPERIMENTS

A. General Setup
The experiments were done with the vacuum arc metal ion source "Mevva-V" at Berkeley Lab; this source has been previously described 12 and therefore it is sufficient to only briefly summarize its features. It consists of a plasma source, a three grid ion extraction system, and a time-of-flight (TOF) mass/charge spectrometer. 13 Via a "gun barrel" mechanism one can select one of the up to 18 mounted cathodes for cathodic arc operation.
Each cathode was a metal rod of ¼ inch (6.25 mm) diameter and about 1 inch (25 mm) length, inserted in an alumina tube. Cathode spots could only burn on the rod's front surface, with the metal plasma expanding through an annular anode of ½ inch (12.5 mm) inner diameter into a plasma expansion chamber that had about 10 cm diameter and 10 cm length. The plasma streams from the cathode spots towards the extraction grid system. Ions were extracted from the plasma by a three-grid multi-aperture system of the accelerationdeceleration type. 14 The suppressor grid voltage was -2 kV and the extraction voltage was 40 kV. The TOF instrument has a drift length of 1.03 m and the detector was a magnetically suppressed Faraday cup.
Different metals (Al, Mg, Cu, Pb, Bi, Mo) were used as cathode in the experiments.
The charge state distributions were measured at selected delay times after arc triggering using the time-of-flight (TOF) spectrometer. Each arc discharge of typically 300 A had a duration of 300 µs, determined by the pulse-forming network, at a repetition rate of up to 10 pulses per second (pps). This high repetition rate ensured that, under base pressure conditions of about 10 -4 Pa, a gas layer cannot form on the cathode surface between arc pulses. For some experiments, the arc pulse repetition rate and arc current were changed to study the effects of these changes.
B. Experiments with background gas
The effects of gas and metal vapor were studied by (i) introducing nitrogen gas in the cathode region and (ii) by intentionally introducing surfaces with which the expanding metal plasma can interact (see point C below). Upon introduction of gas near the cathode, enhanced pressure was essentially limited to the region between cathode and extraction grid system because the extraction grid system acted as an array of flow-limiting orifices. The cryogenic pump, with a pumping speed of 1500 l/s for nitrogen, was mounted to the main chamber that housed the TOF instrument; the extraction grid system reduced the pumping speed, and thereby the TOF instrument was differentially pumped. system. The idea of using these different surfaces in the expansion zone was to affect the production of neutrals by non-sticking of ions and self-sputtering, in the case these processes matter. When using the baffles, the desorbed gas would fill the whole expansion zone, whereas metal neutrals produced by non-sticking would most likely move to the opposing baffle surface and very likely condense there, thus being removed form the plasma system.
Finally, we also changed the distance between cathode (location of ion production) and extraction grid (location of ion analysis). For this experiment, the standard 18-cathode holder was removed and a movable, single cathode plasma source installed ("minigun" 15 ).
The cathode size was the same as with the 18-cathode source.
III. RESULTS
In the first round of experiments we used Al, Mg, Cu, Pb, and Bi as cathodes in the conventional ion source configuration without intentional gas introduction. As expected, one obtains curves of falling mean ion charge states, ( ) 
where A is a factor that describes the relevance of the decay, τ is the characteristic decay time, and ss Q is the steady-state average charge state number which is approached for t τ .
The first order exponential decay offers a surprisingly good fit, as one can see from the correlation coefficient in Table I . The strongest decay is seen with Bi, which was attributed to the very low thermal conductivity of this material, leading to higher cathode surface temperatures and, given the high vapor pressure of this material, a strong generation of neutral metal vapor. 9 The vapor in turn leads to charge exchange collisions, reducing especially the higher charge states, as will be discussed later. refer to the pressure in the plasma expansion zone and take differential pumping into account. From the figure we can see that (i) the baffles and tube inserted in the expansion zone reduce the mean ion charge state, (ii) the tube has an even greater effect than the baffles, (iii) background gas reduces the mean ion charges, and the reduction is stronger with increasing pressure, and (iv) at sufficiently high gas pressure, the mean ion charge is reduced from the very beginning of the pulse and not further reduced as the arc pulse develops.
Previous measurements have shown that at low arc pulse repetition rates, the plasma contains large amounts of non-metal ion species such as hydrogen and oxygen, and that the ion charge states are reduced compared to high-repetition rate operation. 16 Now, checking the reduction behavior in terms of its exponential decay and the correlation with gaseous and manuscript for the Journal of Applied Physics, revised version 29th June 2007 6 metallic neutrals, we used aluminum to reproduce the effect (Fig. 3) . One can clearly discern the lower metal charge states and qualitatively different behavior when a long time elapses between arc pulses. For a quantitative evaluation one can again use an exponential decay of first order; the fit data are given in Table II .
The same experiment with a molybdenum cathode also shows the influence of the pulse repetition rate (Fig. 4 and Table III ) but it is much less pronounced compared to aluminum. However, there is a clear influence of the arc current, as shown in Figures 5(a) and (b) for arc repetition rates of 1 and 10 pulses per second, respectively; the characteristic data are compiled in Table IV. A critical test of the hypothesis of charge exchange collisions is to check the dependence of the charge state reduction on the path length ions have to travel before they are extracted and analyzed. For this, the cathode assembly was mounted on a movable feedthrough. The result is presented in Fig. 6 and Table V , where one can clearly see that the greater the distance the lower the mean ion charge state.
IV. DISCUSSION
The compilation of data allows us to return to the questions posed at the end of the Introduction. First, one can state that the reduction of ion charge states after arc ignition is a universal phenomenon (Fig. 1) , however, the speed and significance of this reduction depend on the cathode material and are affected by numerous parameters such as the presence of background gas, the time the cathode was exposed to the background gas before arc ignition, the arc current, etc. The placement of additional surfaces (baffles or tube) reduced the ion charge states, and the effect was more pronounced for the tube (Fig. 2) . In all cases, plasma manuscript for the Journal of Applied Physics, revised version 29th June 2007 is interacting with surfaces, desorbing gas and, additionally, creating metal neutrals because the metal ion sticking probability is less than unity and the self-sputtering yield is greater than zero, especially for higher ion energies and off-normal incident angles. 8, 11, 17 As expected, the effect of the tube is somewhat greater because all of the neutrals produced are directed back into the volume where the plasma streams toward the extraction grid (ion analysis). In the case of baffles, some of the neutrals may bounce off away from the plasma flow and may gettered at the surface of the chamber and therefore do not interact with the ions that are analyzed.
With the intentional presence of background gas, the charge states are reduced compared to the vacuum case (Fig. 2) . The reduction is directly related to the gas pressure and not delayed but affected immediately, supporting the notion that --in the vacuum case --the evolution of neutrals is responsible for the evolution of the charge state distribution.
The flux of ions of charge state Q emitted from active cathode spots, , will be reduced by
where z is the coordinate normal to the cathode surface, is the density of the vapor atoms, 
however, all collisions (5) involving multiply charged ions do. One should note that although charge is conserved in all reactions, the mean ion charge state is reduced because the summation in (6) does not include neutrals. All reactions of the type (5) for produce singly ionized ions from neutrals, thereby increasing the number of singly charged ions while reducing the number of multiply charged, i.e., the mean ion charge state is reduced. 
but their cross sections 26, 27 decrease with increasing Q. Additionally, these reactions would not change the mean ion charge state and therefore will not be considered further. Quasiresonant charge exchange collisions between ions 28,29
can only occur at high energies (typically keV/nucleon), otherwise the ions will not be able to overcome the Coulomb repulsion and be close enough for charge transfer. Therefore, ion-ion collisions can be neglected in this discussion.
As the plasma flows through a background of neutrals, charge exchange collisions successively reduce the concentration of multiply charged ions, beginning with the highest charge state present, . After is eliminated at some distance from the cathode spot, the charge becomes the highest charge state present, which is eliminated at a larger distance, and so on. The concentration of singly charged ions can actually increase, which has been observed. 
with and , we estimate in the middle of the plasma expansion zone ( ). From figure 2 we can see that the charge states are affected by background pressure of about 10 mPa, and even stronger as the pressure is increased. Taking again the ideal gas equation, though this time with room temperature, the density of gas molecules is about , which is in good agreement with estimate (9). Some background gas can be produced by cathode spot erosion of a "poisoned"
cathode and by the plasma-wall interaction: Fig. 3 shows that the longer the time before an arc pulse is started the greater the reduction of metal ion charge states. The monolayer formation time at our base pressure is about 1 second, and therefore one should see large differences for the decay of the mean ion charge state for repetition rates higher and lower than 1 s. Figure 3 also shows that the character of the decay changes, which is likely due to the different nature of the neutrals: they are dominated by metal vapor for high repetition rate and by gaseous species at low repetition rates.
Different metals will cause different ratios of metal vapor and gas species. Figure 4 shows that in the case of molybdenum, the character of the decay is preserved even at low repetition rates. The data of the corresponding Tables II and III Going to lower arc currents changes the picture somewhat ( Fig. 5(a) ). The initial charge states are lower because energy is invested in erosion and ionization of non-metallic ions. At later times, however, the mean ion charge state is higher compared to higher current arcs because the number of emitting spots was lower, leaving less evaporating craters, and therefore less metal vapor was injected into the chamber volume. It should be noted that the arc burning voltage increased slightly when the current was increased, so the overall energy invested ( arc arc I V dt ∫ ) was higher at higher arc currents.
Repeating this experiment at higher repetition rate changes the data slightly ( Fig. 5(b) and Table IV) in that even less gas is affecting the charge state development, as one can see from the slightly higher steady-state charge states.
The critical experiment was to study the evolution of charge states as a function of distance from the cathode surface -something that seems to be overdue in this field of research. Figure 6 clearly shows that the greater the distance the greater the reduction of charge states. For short distances, the average charge states are high and generally higher than the data published in surveys. 12, [33] [34] [35] This may have implications for the future design of vacuum arc ion sources and other devices where a high ion charge state is desired.
Conversely, if only singly charged ions are wanted, the current results suggest using a material that produces much neutral vapor and design the source with a large distance between cathode and extraction system.
The last statements invite us to revisit some peculiar literature data. The current interpretation supports the finding for bismuth 9 and thallium, 36 where an unusually strong reduction of charge states has been detected. Similar observations have been made previously, 37 albeit not with the interpretation involving neutrals. Very striking was the case manuscript for the Journal of Applied Physics, revised version 29th June 2007 of antimony, where the mean ion charge state decreased from 3.85 after 3 µs to 1.0 at the end of the 250 µs arc pulse. 37 Antimony is a metalloid of very high vapor pressure: the vapor pressure is 19 Pa at its melting point of 904 K. Using again the ideal gas equation a a n p kT = a , at the temperature of 904 K, we obtain the very high density ,
i.e., a maximum neutral density of more than one order of magnitude greater than what was estimated for molybdenum. Therefore, in hindsight, the steep decline of antimony's mean ion charge state should not come at a surprise. emit enough neutrals from still-hot craters of spots that just ceased to be active. Since the cooling time of craters is long compared to the active emission times of cathode spots, the vapor source should be considered independent of the cathode spot operation. Consequently, this vapor source was not considered in the Saha-freezing model. In light of the results presented here, the electron temperatures that were derived from the model are likely to be lower than the actual electron temperatures of the spot plasma.
From the data shown here we may conclude that the ion charge states are reduced in the plasma that contains neutrals, and that the reduction is strongly depend on the material, especially on its vapor pressure. Materials of high vapor pressure, such as Bi, Tl, Sb show an extreme reduction of their charge state both in time and distance from the cathode spots.
Experiments with background gases showed that the reduction can also be obtained by these gases. Even in the usual "vacuum" case, non-metallic gas species can play a significant role, which is very pronounced when using pulsed arcs at low repetition rate.
Finally, the present results point to design recipes for ion sources: if high charge states are wanted, one needs to reduce the distance between ion production (cathode) and ion extraction (grid system), and operate at good vacuum, preferably ultra-high vacuum, and, conversely, if only singly charged ions are wanted, one should increase the distance between cathode and extractor, and select a material of high vapor pressure or introduce some background gas that is acceptable to the application. individual measurements; the thinner, the black curves represent the exponential decay fits whose data are given in Table I . Fig. 2 Compilation of results of charge state measurements for copper ions under various conditions: "standard" refers to the usual geometry of the "Mevva V" vacuum arc ion source, "baffles" and "tube" refer to measurements when additional baffles and a tube are inserted in the expansion zone, respectively. Additionally, three pressure conditions were considered, as indicated, for each of the three geometries. Fig. 3 Reduction of the mean ion charge state of aluminum with the arc pulse repetition rate as a parameter (400 A pulses, standard configuration at vacuum base pressure). 
